ABSTRACT Populations of mimosa webworm, Homadaula anisocentra Meyrick, and its parasitoids Elasmus albizziae (Burks) and Parania geniculata (Holmgren) were observed on thornless honeylocust, Gleditsia triacanthos variety inermis L., at the West Lafayette, IN, campus of Purdue University between 1998 and 2001. Mimosa webworm populations were quantiÞed by visually estimating percentage of browning of each tree canopy. Average browning per tree varied from 10.1 to 13.7% in the Þrst generation and from 19.7 to 32.5% in the second generation. Average parasitism per tree ranged from 9.3 to 15.2% in the Þrst generation and from 28.1 to 30.2% during the second generation. During the course of the study 71.5% of all parasitized mimosa webworm pupae were attacked by E. albizziae. The remaining 28.5% were attacked by P. geniculata. Total numbers of E. albizziae collected per tree in a season were positively correlated with the percentage of canopy turned brown by the second generation of webworms. Annual estimates of E. albizziae abundance were positively correlated with year-to-year declines in second generation webworm injury when average estimates per tree declined by 8.1 and 10%, but absent when average injury declined by 4.7% or increased by 5.7%. The apparent numeric response of these parasitoids and their delayed negative density dependence suggest that these parasites can occasionally contribute to decline of mimosa webworms in an urban forest.
ORNAMENTAL HONEYLOCUST, Gleditsia triacanthos variety inermis L., is among the most commonly planted trees in the urban forest, often serving as a replacement tree for the American elm, Ulmus americana L., killed by Dutch elm disease, Ceratocystis ulmi (Buisman) Moreau (Kielbaso 1990 , Nielsen et al. 1985 , Phillips 1999 . Honeylocusts are native to the central United States and are suited for USDA Plant Hardiness Zones 4aÐ9a (Flint 1997) . Initially relatively free of pests, widespread plantings soon gave rise to serious insect problems (Sperry et al. 2001) . One of which is an exotic pest, the mimosa webworm, Homadaula anisocentra Meyrick (Lepidoptera: Plutellidae).
Mimosa webworm is bivoltine with adult moths emerging from overwintered pupae in June (Lewis and Miller 1984) . Females preferentially lay eggs on branches, leaf petioles, or rachises (North and Hart 1983) . When eggs hatch, caterpillars feed in groups on foliage, tying leaßets together with webs. As skeletonized leaves desiccate, they turn brown and give the canopy a scorched appearance, referred to as browning. First generation caterpillars pupate in webs during late July. Adults emerge in early August to produce a second generation, with females preferentially ovipositing in the webbed leaves (North and Hart 1983, Lewis and Miller 1984) . Second generation caterpillars form new webs, and feed from mid-August through September. Just before pupation these caterpillars leave the web and descend on silk strands in search of vertical overwintering sites. Typically, they pupate within bark crevices of honeylocust or other woody plants, frames, gutters, or other artiÞcial structures (Lewis and Miller 1984) .
Mimosa webworm survival on honeylocust can be inßuenced by plant cultivar and environmental factors. Resistant cultivars can still support substantial populations of the pest Hart 1990b, Flint 1997) . Low temperatures also can affect insect development and overwintering survivorship. Overwintering mortality attributed to low winter temperatures is partly mitigated by the webwormÕs ability to use heated or sheltered pupation sites (Hart et al. 1986 , Miller et al. 1987 , Bastian and Hart 1991 .
Although nine parasitoids have been reported for the mimosa webworm (Miller et al. 1987) , we have consistently observed only two species associated with the pupae after examining larval and pupal stages of webworm development in West Lafayette, IN. Parania geniculata (Holmgren) (Hymenoptera: Ichneumonidae) is a generalist parasitoid found throughout North America (Krombein et al. 1979 , Miller et al. 1987 . This solitary parasitoid parasitizes late instars of mimosa webworm in both generations. In contrast, Elasmus albizziae (Burks) (Hymenoptera: Elasmidae) is a gregarious parasitoid, producing up to 10 or more offspring from a single caterpillar. E. albizziae parasitizes both webworm generations immediately before pupation (Miller et al. 1987 ). This parasitoid is thought to be an exotic species from Asia where it has only been reported feeding on mimosa webworm (Burks 1965 ). Reported parasitism rates by E. albizziae and P. geniculata are highly variable, ranging from Ͻ5% to nearly 50% (Miller et al. 1987, Bastian and Hart 1990a ).
In the current study, we observed the seasonal abundances of E. albizziae and P. geniculata. The relationship between the abundance of parasitoids and injury by their mimosa webworm host was examined to determine their ability to control their host in an urban forest.
Materials and Methods
Honeylocust trees used in this investigation were located on the campus of Purdue University in West Lafayette, IN. The 100 trees used in this study were selected from a total of 387 trees with a minimum trunk diameter of 25 cm at 1.5 m above ground. Selection of trees was stratiÞed to get equal numbers from three categories of landscape variables calculated within a 20-m radius around each tree: honeylocust density, tree species diversity, and percentage of paved areas or buildings surrounding trees (hardscape) (Sperry et al. 2001) . Five additional sample trees were selected over the course of this study to replace honeylocusts removed by Purdue University maintenance crews. Replacement trees were selected to match the sample characteristics of trees lost from each stratum.
Mimosa webworm incidence was recorded at the peak expression of injury during the second generation from 1998 to 2002 and in the Þrst generation from 1999 to 2001. During each sampling date, two to four independent observers visually estimated the percentage of browning due to larval feeding to the nearest 5%. The average of these estimates served as an index of the relative abundance of mimosa webworm on each tree.
Parasitoid abundances per tree were estimated from numbers of adults collected on 7.6 by 12.7 cm (3 by 5 in.) yellow Sensor Monitoring Cards (Whitmire Micro-Gen, St. Louis, MO) stapled 3.1 m (10 feet) from the ground on the east side of each trunk. Traps were placed in the Þeld twice in August 1998 and every 2 wk during the growing season in 1999 through 2001. Sticky cards remained in the Þeld for 1 wk, after which the number of each parasitoid species per card was determined.
Seasonal parasitoid abundances were described by plotting weekly totals collected on sticky cards versus cumulative degree-days (DD) starting on 1 January for all years. A National Weather Service substation located at the Purdue Airport located within 5 km of all the study trees was used to estimate local temperatures. Degree-days for each day were calculated as the simple difference between the average of the maximum and minimum temperatures from a threshold temperature of 10ЊC. No degree-days were accumulated for days when this simple difference was Յ0.
We examined the relationship between the abundance of parasitoids and the change in mimosa webworm populations in the following manner. Total abundance of mimosa webworm parasitoids on a tree in a given year was estimated by the total number of parasitoids collected over the course of a year. Cumulative abundance of mimosa webworms was estimated as the percentage of canopy browned during the second generation described earlier. Annual decline in the abundance of webworm on each tree from year t to year t ϩ 1 was calculated as the simple difference between consecutive years. Thus, this decline will be negative for trees with increasing populations and positive for trees with decreasing populations. Effects of total parasitoid abundance on host decline were determined by computing SpearmanÕs rank correlation coefÞcients (PROC CORR, SAS Institute, Cary, NC). Similarly, the numerical response of parasitoids to host was determined by computing Spearman rank correlations between the annual estimates of their abundance on each tree. Nonparametric rank correlation methods were used for this analysis because the distribution of canopy browning and the change index could not be normalized with data transformations.
Rates of parasitism by E. albizziae and P. geniculata were estimated from Þrst and second generation caterpillars reared to pupation in 1999 and 2000. Parasitism rates for Þrst generation mimosa webworm were sampled by adapting methods reported by Bastian and Hart (1990a) . Immediately after webworm pupae were observed in the Þeld, two webs between 3 and 5 m above ground level were collected at random with a pole pruner from the north and south sides of each tree (four webs total). Webs were placed in two 0.95-liter (1-quart) mason jars for each tree, sealed with organdy cloth to prevent pupae from escaping, and reared at 24 Ϯ 2ЊC with a photoperiod of 12:12 (L:D) h on laboratory benches. All predators were removed before webs were placed in mason jars. After moth activity in the jars ceased, parasitized and unparasitized pupae were counted. Adults of only two species of parasitoids were detected in the jars, E. albbiziae and P. geniculata. We ascribed parasitization of pupae with multiple parasitoid exuviae or a single parasitoid exuvium Յ0.5 cm to E. albizziae because it is gregarious and smaller than the solitary parasitoid P. geniculata. Parasitization of other pupae was attributed to P. geniculata. Percentage of parasitized webworms on each tree was calculated from the total number of pupae parasitized by each wasp species and the total number of mimosa webworm pupae collected.
Second generation parasitism was estimated from samples of overwintering pupae in a manner similar to ) , respectively, after pupation. They were removed from trees, placed in sealed paper bags, and cooled to 9ЊC to arrest development. The Þrst 30 pupae found on each cardboard sample was removed, placed into individual test tubes, and plugged with segments of braided cotton dental rolls (Richmond Dental, Charlotte, NC) for rearing. Samples were reared on benches at 24 Ϯ 2ЊC with a photoperiod of 12:12 (L:D) h and misted daily with chlorinated room temperature tap water until all adult moths or parasitoids emerged. When adult activity in all tubes ceased, adults were counted, and pupae were examined to determine percentages of parasitized by E. albizziae or P. geniculata as described for the Þrst generation. Effects of parasitization on the abundance of mimosa webworm was determined by computing SpearmanÕs rank correlation coefÞcients (PROC CORR, SAS Institute, Cary, NC) between percentage of parasitization in one generation with the amount of canopy browned during the next generation. SpearmanÕs rank correlations were used for this analysis because the distribution of percentages of hosts parasitized could not be normalized with data transformations.
Results
The average percentage of tree canopy turned brown by webworms during each generation ranged from 9.7 to 32.5% with peak damage occurring in 1999 (Table 1 ). The average percentage of brown canopy was greater after second generation feeding during years when browning was quantiÞed during both generations. Estimates of percentage browning during the second generation of webworms served as an index of total injury during the entire year.
Seasonal abundances of E. albizziae collected on yellow sticky cards are shown in Fig. 1 10 . Abundances of E. albizziae then abruptly declined, although they were observed in the Þeld for the remainder of the growing season. Only three P. geniculata were collected on yellow sticky cards over the course of this study, too few to assess patterns of seasonal abundance.
In all years, annual abundance of parasitoids on a tree was positively correlated with second generation estimates of webworm abundance (Table 2 ). In 1999 (Table 2 ). In contrast, the abundance of parasitoids was not associated with declines in webworm abundance when average estimates of webworm browning increased 5.7% from 1998 to 1999 or declined 4.7% from 2000 to 2001.
The percentage of mimosa webworms parasitized in the Þrst generation (Table 1) (Table 1 ). Over the 2-yr period, 71.5% of all parasitized pupae collected were attacked by E. albizziae and 28.5% were attacked by P. geniculata.
Combined percentage of parasitism of mimosa webworm hosts by E. albizziae and P. geniculata in the second generation of 1999 was negatively correlated with browning caused by webworms during the Þrst generation of 2000 (r ϭ Ϫ0.27, n ϭ 89, P ϭ 0.009). This relationship was not detected for either E. albizziae or P. geniculata alone during this time. No signiÞcant correlations were found between second generation parasitism rates in 2000 and browning caused by webworms in the spring of 2001. In 1999 and 2000, total E. albizziae caught on yellow sticky trap cards was positively correlated with percentage of hosts parasitized during the Þrst generation (r ϭ 0.36, n ϭ 94, P ϭ 0.003; r ϭ 0.26, n ϭ 98, P ϭ 0.009, respectively) but not the second generation (r ϭ 0.18, n ϭ 91, P ϭ 0.10; r ϭ Ϫ0.14, n ϭ 83, P ϭ 0.22).
Discussion
Mimosa webworm occurred in outbreak proportions during the course of this investigation, with populations peaking in 1999 and declining steadily to its low point in 2002. Damage in the tree canopies was less abundant during the Þrst generation of the webworm than the second generation (Table 1) , a pattern consistent with other investigations conducted in the District of Columbia, Indiana, and Iowa (Webster and St. George 1947 , McManus 1962 , Hart et al. 1986 ). Previous studies have suggested that the incidence of each generation could be attributed to low overwintering survivorship of mimosa webworm mediated by both temperature and the proximity of host trees to paved areas (Hart et al. 1986 , Miller et al. 1987 , Sperry et al. 2001 ). Yet, results of this investigation suggest that mortality attributed to the parasitoids E. albizziae and P. geniculata also can inßuence webworm abundance.
The observed phenology of E. albizziae adults is consistent with degree-day estimates of susceptible host stages of mimosa webworm (Fig. 1) . On average, Þrst emergence of E. albizziae occurred at 539.8 Ϯ 20.1 DD 10 , Ϸ94 DD 10 after the Þrst mimosa webworm larvae are usually reported (Herms 2004) . Parasitoid populations rose steadily over the course of the season until they peaked at an average of 1430.5 Ϯ 25.8 DD 10 , Ϸ380 DD 10 after the second generation egg hatch of mimosa webworm normally occurs. Positive correlations between E. albizziae abundance in traps and rates of parasitism of laboratory-reared hosts collected in the Þrst generation of 1999 and 2000 suggest that trap catch has some bearing on actual rates of parasitism on trees.
Clear differences were seen in the ability of E. albizziae and P. geniculata to contribute to the mortality of mimosa webworm. E. albizziae, a specialist gregarious endoparasitoid, accounted for the majority of parasitized webworms collected in 1999 and 2000 (Table 1 ). Failure of P. geniculata to match or exceed parasitism by E. albizziae may be due to its ability to attack other hosts or its solitary nature. The ability of a gregarious parasitoid to outcompete a solitary parasitoid has been reported for other species (Lei and Hanski 1998) . Similarly, parasitoids with higher fecundity have been found to be more likely to be associated with successful biological control of lepidopterous herbivores (Lane et al. 1999) .
We observed a positive numeric response of parasitoids to host abundance and a decline in host populations that was attributable to increased parasitoid abundance in the previous generation. From 1998 through 2001, the number of E. albizziae caught in traps was positively correlated with the percentage of canopy turned brown by the end the second generation of mimosa webworms (Table 2) . Although both these measures provide only relative indices of host and parasitoid abundance, their positive correlation suggests that the population of E. albizziae has a positive numeric response to host abundance in the urban forest.
The relationship between seasonal abundance of E. albizziae based on sticky catches and the annual change in canopy browning on an individual tree suggests that this numeric response can occasionally contribute to declines host abundance (Table 2) . Positive correlations between parasitoid abundance and host declines were observed in 1999 and 2001, the years that preceded the greatest observed reduction in webworm abundance during the course of our study (Table 1 ). In contrast in 1998 and 2000, when significant correlations with declines in host abundance were absent, webworm populations were either experiencing an increase or a relatively smaller host decrease. Negative correlations in 1999 between percentage of total overwintering parasitized pupae and host abundance the following spring also suggest that winter 1999 was more conducive to parasitoid inßicted host mortality than winter 2000.
General surveys of parasitoid-host relationships indicate that density-dependent mortality rates are widespread (Walde and Murdoch 1988) and prevalent among forest pests where natural enemies contribute to pest mortality (Varley and Gradwell 1960 , Morris 1963 , Kidd and Jervis 1997 . Nevertheless, changes in rates of parasitism abundance during a pest outbreak cycle are typical of forest systems (Varley and Gradwell 1960 , Morris 1963 , Parry 1995 . Periodic outbreaks of mimosa webworm in areas where these parasitoids are prevalent may be partly attributed to variation in effectiveness over years and generations. These observations are consistent with Þndings that suggest temporal density-dependent mortality is a necessary but insufÞcient condition for population regulation (Helms et al. 2004 ).
In conclusion, we have determined that although both E. albizziae and P. geniculata can contribute to the observed reduction in mimosa webworm populations, their response to host abundance is variable. Further studies on factors that contribute to this variation are needed to better incorporate these parasitoids into pest management programs.
